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Abstract
This study investigated the representation of surface winds in complex terrain during the passage of Typhoon
Sondga (2004) in downscaling simulations with the horizontal grid spacing of 200 m. The mountainous areas in
Hokkaido where forest damages occurred in the typhoon event were chosen for the present analysis. The 200 m
grid simulations were compared with the simulations with the grid spacing of 1 km. The 200 m grid simulations
clearly indicated more enhanced and more frequent extremes both in the stronger and weaker ranges of surface
winds than the 1 km grid case. Both in the 200 m grid and 1 km grid cases, the mean and maximum winds in the
analysis areas during the simulated time period increase with the increase in the terrain slope angle, but in the 200
m grid case, the relationships of the mean and maximum winds against the terrain slope angle includes wide
scatter. In this way, the response of the wind representations to the grid spacing appears differently between the
200 m and 1 km grid cases. A parameter characterized subgrid-scale orography was used to quantify the influences
of the terrain complexity on surface winds, demonstrating that the area-maxima and spatial variance of surface
winds are more enhanced with the increase in the subgrid-scale orography in the higher-resolution case. It is
suggested that the high-resolution simulations at the 200 m grid highlight the fluctuating nature of surface winds
in complex terrain, because of the better representation of the model terrain at 200 m. Benefits of the representation of
surface winds in simulations at the resolution on the order of 100 m are due to the better representation of complex terrain,
which enables to quantitatively assess the impacts of strong winds on forest and natural vegetation in complex terrain.
Keywords: Dynamical downscaling, Strong wind, Typhoon hazard, Impact assessment, Mesoscale meteorological model
Introduction
Dynamical downscaling is a useful approach in weather
and climate researches in order to assess the impacts of
weather disturbances and extreme weather phenomena
at mesoscales and local scales. Because deep cumulus
convection plays a critical role in spawning severe wea-
ther such as heavy rainfalls and strong winds, a horizon-
tal grid spacing that can adequately resolve the activities
and effects of deep convection is required to better rep-
resent severe weather phenomena in numerical simula-
tions. As an example of operational numerical weather
prediction models, the Japan Meteorological Agency is
now conducting regional weather forecasting at the 5
km and 2 km grid spacings. A numerical model with the
grid spacing on the order of 1 km was considered to be
a cloud-resolving model (CRM) (Grabowski et al. 1996),
and Weisman et al. (1997) showed that the non-
hydrostatic effects of convection are properly repre-
sented at such resolutions. On the other hand, Bryan
et al. (2003) demonstrated that the grid spacing on the
order of 100 m is necessary to adequately resolve turbu-
lent behaviors of convective motions, and Takemi and
Rotunno (2003) indicated an improper spatial filtering in
simulating convective clouds at the grid spacing on the
order of 1 km from a subgrid-scale-modeling point of
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view. Thus, the grid spacing of 1 km may not be suffi-
cient to represent convective motion.
From a climate research point of view, Kitoh et al.
(2016) emphasized that the importance of high-resolution
downscaling in representing extremes lies in reproducing
well-resolved topography in numerical models. Takayabu
et al. (2016) also listed high-resolution topography as one
of the factors that add values to dynamical downscaling.
However, most of the previous studies employed grid
spacings on the order of 1 km, and the numerical repre-
sentations at the grid spacing of 100 m have not been well
explored. This study deals with the issue on the benefits
or added values of dynamical downscaling by conducting
a higher-resolution grid spacing on the order of 100 m.
The representation of terrains is critically important in
numerically reproducing the spatial and temporal vari-
ability of surface winds (Jimenez et al. 2008; Bonnardot
and Cautenet 2009; Jimenez et al. 2010; Jimenez and
Dudhia 2012). By using the Weather Research and Fore-
casting (WRF) model, Jimenez and Dudhia (2012) found
systematic overestimations of surface wind speeds in val-
leys and underestimations at mountain tops. This result
suggests the importance of terrain representations in
wind simulations. Oku et al. (2010) investigated the rep-
resentations of surface winds during a typhoon passage
by comparing two different mesoscale meteorological
models with the grid spacing set to 1 km and found that
more accurately reproduced terrain features even at the
same grid spacing result in capturing more highly vari-
able natures of surface winds. Takemi (2013) conducted
regional-scale meteorological simulations of surface
winds in complex terrain and demonstrated that the
fine-scale spatial variability of winds is reproduced better
in the 400 m grid simulation than in the 2 km grid simu-
lation, notifying that the influences of the complex ter-
rain can be found for winds up to the 200 m height
above the ground level. In this way, the representation of
terrains requires special care in simulating airflows espe-
cially in complex terrain.
Strong winds are one of the major meteorological haz-
ards in places with complex terrain features. In 2018, a
major typhoon, called Typhoon Jebi (2018), landed in
the central part of Japan and spawned severe damages
induced by strong winds not only in urban areas but also
in mountainous areas (Cabinet Office 2018). Typhoon
Jebi (2018) produced extreme winds in a business dis-
trict of Osaka City which is characterized by complex
geometrical features of building distribution and height
(Takemi et al. 2019). Much severer winds are considered
to have occurred in mountainous areas, because of their
higher elevations and more complex terrain features;
such severe winds led to serious damages to trees, forest
ecosystems, power lines, etc. In the past, major typhoons
caused severe damages to trees and forest ecosystems in
mountainous areas. For example, due to Typhoon
Songda (2004), widespread forest damages occurred in
Hokkaido (Sano et al. 2010; Hayashi et al. 2015; Takano
et al. 2016; Morimoto et al. 2019). Because major dam-
ages to trees by typhoon’s winds have serious influences
on forest ecosystems for a long period of time, assessing
the impacts of typhoon winds on forest areas and identi-
fying their climate change factors are critically important
(Ito et al. 2016; Takemi et al. 2016a; Toda et al. 2018).
In this sense, simulating airflows in complex terrain is a
scientific challenge.
This study investigates the representations of surface
winds in complex terrain in numerical simulations at the
200-m grid spacing. By further downscaling from 1 km to
200 m under the experimental setups of Ito et al. (2016)
who examined strong winds due to Typhoon Songda
(2004), we explore the benefits of high-resolution numer-
ical simulations of airflows in complex terrain. Identifying
the benefits or added values in high-resolution modeling
is a key to quantitatively assess the impacts of typhoon
winds at local scales.
Numerical model and experimental design
The model used in this study was the WRF model, the
Advanced Research WRF (ARW) version 3.6.1 (Skamar-
ock et al. 2008). The model was configured in two-way
nested computational domains: the outermost domain
(D01) covers the Japanese islands and the surrounding
areas in the western North Pacific at the 9 km horizontal
grid spacing, downscaled to the area (D02) covering the
northeastern part of Japan at the 3 km grid, to the Hok-
kaido area (D03) at the 1 km grid, and finally to the
areas (D04) having the 200 m grid (Fig. 1). For the D04
areas, eight domains were separately placed within D03
in order to save computational costs. The reason why
we set these specific regions as D04 is that in these D04
areas, significant damages to forests were reported
(Takano et al. 2016; Morimoto et al. 2019) and hence
evaluating the numerical representations of the typhoon
winds on these forest areas is critically important. The
model settings here were exactly the same with those
used in Ito et al. (2016) except employing the 200 m grid
areas. The number of grid points in each domain is 451
by 451 for D01, 301 by 301 for D02, 532 by 421 for D03,
and 166 by 161 for D04. The number of vertical levels
was 57, with the top set at the 20 hPa level.
It is important to use high-resolution digital elevation
model (DEM) data to set the model terrain used in nu-
merical simulations. The model terrains for D01, D02,
and D03 in this study were created with the use of the
global DEM data having a horizontal grid spacing of 30
arc-seconds (about 1 km) provided by the United States
Geological Survey, while the terrains for D04 were gen-
erated with the 50 m horizontal resolution DEM data
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provided by the Geospatial Information Authority of
Japan.
The physics parameterizations chosen here were the same
with those used in Ito et al. (2016): the Kain-Fritsch cumulus
parameterization (Kain 2004) (applied only for D01), the
WRF single-moment 6-class scheme (Hong and Lim 2006)
for cloud microphysics, the Mellor-Yamada-Janjic (MJY)
scheme (Janjic 2002) for boundary-layer mixing, a revised
Monin-Obukhov scheme for surface flux parameterizations
(Jimenez et al. 2012), a revised version of the Rapid Radiative
Transfer Model shortwave/longwave scheme (Mlawer et al.
1997) for atmospheric radiative transfer, and simple five-
layer thermal diffusion scheme (Skamarock et al. 2008) for
land-surface processes. The MYJ boundary-layer mixing
scheme was also chosen in Oku et al. (2010), Takemi (2009),
Takemi et al. (2010), and Takemi (2013) in their study on
the numerical representation of airflows in complex terrain.
Corresponding to this MYJ boundary-layer scheme, the
Monin-Obukhov surface scheme provides better turbulent
momentum and heat fluxes on various land-use surfaces
under various stability conditions. The surface roughness fea-
tures are represented with roughness lengths depending on
the land-use types. Because the surface roughness is not ex-
plicitly represented and resolved in the WRF model, the sur-
face winds especially in complex geometry such as densely
built urban districts are not decelerated in the surface layer
and are overestimated in the WRF model (Nakayama et al.
2012; Takemi et al. 2019).
Fig. 1 The areas covered in the present numerical simulation. The computational areas for a the 9 km grid domain (D01), the 3 km grid domain
(D02), and 1 km grid domain (D03) and b the 200 m grid domains (D04) nested in D03
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One may argue that the present simulations can be
conducted in a large-eddy simulation (LES) mode. The
main reason why we did not use the LES framework is
that the grid spacing of 200 m is considered not to be a
sufficiently high-resolution to conduct LES. There are
two issues here. One issue is that the 200 m grid spacing
will not appropriately resolve turbulent motion within
an inertial subrange. Takemi et al. (2010) showed that
even with the 80 m grid spacing, the WRF model is not
able to reproduce realistic wind fluctuations. The second
issue is that proper generation of turbulent flows to be
ingested in the main computational domain must be
performed to simulate turbulent flows; without turbulent
ingestions, the flows look laminar (Nakayama et al.
2012). Therefore, the present study is not intended to
employ an LES model but to use a standard boundary-
layer mixing scheme in order to focus on the influences
of terrain representation on airflow simulations.
The initial and boundary conditions for the numer-
ical experiments were prescribed by the Japanese 55-
year reanalysis data (JRA55, Kobayashi et al. 2015)
having the spatial resolution of 1.25° and the time
interval of 6 h. It is critically important to closely re-
produce the actual track of a typhoon for impact as-
sessment studies, because the typhoon hazards at
local scales strongly depend on the track as well as
the intensity of the typhoon. For this purpose, a spec-
tral nudging technique (Skamarock et al. 2008) was
applied to the horizontal winds above the 700 hPa
level in D01. In this nudging technique, the maximum
wavenumber and the nudging coefficient were chosen
as 2 and 0.00028 s−1, respectively. Note that the spec-
tral nudging plays a critical role in better reproducing
the tracks of tropical cyclones (Takemi et al. 2016b;
Takemi 2018a; Takemi 2019). Furthermore, a typhoon
bogus scheme which prescribes a Rankine-type vortex
was employed to initialize a typhoon vortex at the
initial time of the time integration. The maximum
wind speed of 70 m s−1 was set at the radius of 75
km from the typhoon center, based on the best-track
data of the RMSC Tokyo-Typhoon Center. With
these approaches, we are able to favorably reproduce
the track and intensity of the typhoon as explained in
the next section. Although the ratio of the resolution
between the JRA55 data the D01 domain seems to be
large (Denis et al., 2003), the successful reproduction
of such typhoon properties is considered to warrant
the present experimental setting.
The time integration was conducted starting at 0000
UTC 3 September 2004 for D01, 0000 UTC 5 September
for D02, and 0000 UTC 7 September for D03 and D04
until 0000 UTC 9 September. The model outputs in D03
and D04 were obtained at the 10 min interval and were
used for the present analyses.
Results
Comparison with the observations
Ito et al. (2016) examined the representation of the track
and central surface pressure of the simulated typhoon by
comparing with the Regional Specialized Meteorological
Center (RSMC) best-track data and also by referring to
the analysis by Kitabatake et al. (2007) and confirmed
the validity of the typhoon simulation. This study further
compares the simulated results with the observations of
surface winds. The wind data measured at automated
weather stations (AMeDAS) of Japan Meteorological
Agency (JMA) were used. The wind speeds observed at
the AMeDAS stations are temporal mean values aver-
aged for 10 min and are available at the 10 min interval.
In order to evaluate the performance of the simulation
over Hokkaido, we validate the results simulated in D03
with the data obtained at the AMeDAS stations included
in D03. The time series of the surface winds at each sta-
tion during the period from 0000 UTC 7 September to
0000 UTC 9 September 2004 are used to compute some
statistics.
Figure 2a shows the difference of the simulated mean
wind speed against the observed one at each location. In
general, the simulation overestimates the observation
but mostly reproduces the observed value within a few
m s−1. There are some places in which overestimation is
large. As shown shortly, the larger overestimation ap-
pears at locations where mean wind speed is higher.
The representation of the wind speed variability in the
simulation is examined in terms of the ratio of the vari-
ance of the simulated wind speed to that of the observa-
tion. Note that the ratio of 1 means that the observed
wind variability is successfully reproduced in the simula-
tion. The spatial distribution of this variance ratio is
demonstrated in Fig. 2b. At most of the stations, the ra-
tios are seen to be within the range of 1 to 3, meaning
that the observed variability is well captured in the simu-
lation. There are some stations indicating larger values
of this ratio, in areas to the east or to the south of
mountains.
The correlation of the simulated wind speed with the
observation is further investigated. For this purpose, the
Spearman’s rank correlation coefficient between the
temporal changes of the simulation and the observation
was chosen. The idea of using this correlation is based
on a thought that the temporal change of wind speed
strongly depends on the track and translation speed of a
typhoon in addition to local effects such as topography
and roughness and hence the exact correspondence of
the simulation with the observation would never be ex-
pected. In contrast, the rank of the observed wind speed
has a chance to be reproduced in the simulation. The
spatial distribution of the Spearman’s rank correlation
coefficients over Hokkaido is exhibited in Fig. 2c,
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indicating that the coefficients are mostly in the range of
0.6 to 1.0. Thus, the temporal change of the simulated
wind speeds correlates favorably with the observed
change.
Lastly, the bias of the simulated wind speed against












where U and V are the simulated wind components at
the 10 m height in the eastward and northward direc-
tions, respectively, Uobs is the observational wind speed,
t is a time step, and N is the number of the time steps.
How the bias of the simulated winds changes with the
mean wind speed at each station is indicated in Fig. 3a.
The bias generally increases with the mean wind
speed, and the linear regression line indicates this in-
creasing trend. The larger overestimations shown in
Fig. 2a are considered to be due to larger biases at
higher wind speeds. The relative bias at each station
compared to the overall mean bias in D03 is demon-
strated in Fig. 3b. Here, the mean bias averaged over
all the stations in D03 was computed, and the differ-
ence of the bias at each station from this area-mean
bias was then derived. It does not appear that there is
any clear feature in the geographical characteristics of
the relative bias. However, it is seen that the relative
biases at inland locations (especially included in the
D04 areas) are generally small, suggesting that local
topography has no preferred influences on the wind
representation and bias. This is a positive aspect in
Fig. 2 Comparison of the surface winds simulated in D03 with the observations at surface stations. a The difference of the temporally averaged
wind speed from the simulation to the observation. b The ratio of the variance of the simulation wind speed against that of the observation. c
The Spearman’s rank correlation coefficient of the temporal change of wind speed between the simulation and the observation. The color shading in
all the panels indicates the ground elevation (m)
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investigating the wind representation in complex
terrain.
Based on the characteristics demonstrated in this sub-
section, we will investigate the representations of winds
simulated in D04 and how the horizontal grid spacing
affects the wind representations in the following
subsections.
Sensitivity to horizontal resolution
In order to examine the sensitivity of the wind representa-
tions to the horizontal grid spacing, we choose one area
among the three D04 domains, respectively, in northern,
eastern, and southern Hokkaido. The analysis areas chosen
here are denoted as A, B, and C in northern, eastern, and
southern Hokkaido (Fig. 4a). These areas A, B, and C include
forests that were damaged by the typhoon (Takano et al.
2016; Morimoto et al. 2019), and each area A, B, and C is re-
ferred to as Nakagawa, Abashiri, and Niseko (see Fig. 1 of
Takano et al. 2016). The differences in the terrain representa-
tion between the 1 km grid and the 200 m grid case are
compared in Fig. 4b, c, d for the area A, in Fig. 4e, f, g for the
area B, and in Fig. 4h, i, j for the area C. As clearly seen, the
detailed features of the terrain height are more realistically
reproduced in the 200 m grid case than in the 1 km grid
case. Peaks, ridges, and valleys are represented in a more en-
hanced way in the higher-resolution case. With these terrain
characteristics in mind, the wind representations will be in-
vestigated in the following.
Figure 5 compares the representation of the maximum
winds between the 1 km grid and the 200 m grid case in
terms of the frequency distribution of the maximum surface
wind speed during the simulated time period (i.e., from 0000
UTC 7 September to 0000 UTC 9 September 2004) at each
grid point in each analysis area. In the 200 m grid case, the
higher (lower) extremes become stronger (weaker) and more
frequent, and the distribution is more widely spread. Because
the detailed terrain features are more enhanced in the
higher-resolution case, the contrasts between higher and
lower elevations and between sharper and flatter slopes affect
the magnitude of the maximum winds. Takemi (2018b)
demonstrated that the difference in terrain representation be-
tween higher-resolution and lower-resolution topography
data is very significant even at the same grid spacing, leading
to major differences in quantitative rainfall simulations. This
study reveals such influences of the terrain representation on
the maximum winds.
Representations of surface winds in the areas A, B,
and C in the simulations with the 1 km grid and the
200 m grid are investigated by referring to the slope
angle of the model terrain. Figure 6 shows how the
pointwise temporal mean wind speed changes with
the terrain slope angle. Because the number of grid
points is different between the 1 km grid and the 200
m grid case, the number of points in Fig. 6 is also
different between these different grid cases. In all the
analysis areas, the range of the scatter of the mean
wind speed is wider in the 200 m grid case than in
the 1 km grid case. The slope angle is also spread
more widely between 0 and 30° in the higher-
resolution case than in the lower-resolution case, in
agreement with the widely distributed terrain height
in the higher-resolution case (see Fig. 5). The linear
Fig. 3 The characteristics of the wind speed bias. a The relationship between the wind speed bias against the simulated mean wind speed. The
linear regression line is indicated by red line. b The difference of the wind speed bias at each station against the spatially averaged bias over all
the stations in Hokkaido. The color shading in (b) indicates the ground elevation (m)
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regression line has a positive slope, which means that
in general the mean wind speed increases with the in-
crease in the slope angle. However, the rate of the in-
crease of the mean wind speed is largely different
between the two resolution cases and is gentler in the
higher-resolution case. In other words, at a certain
slope angle of the terrain, the mean winds can be
both stronger and weaker.
The relationship between the maximum wind speed
during the simulated time period and the terrain slope
Fig. 4 Terrain features of the analysis areas. a Terrain height and the D04 areas in D03. Red boxes denoted as A, B, and C are the analysis areas.
The terrain height in the area A (b) at the 1-km grid spacing in D03 and (c) at the 200 m grid spacing in D04. d The frequency distribution of
terrain height in the area A (left) at the 1 km grid and (right) at the 200 m grid. e, f, g The same as (b, c, d) except for the area B. h, i, j The
same as (b, c, d) except for the area C
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angle is shown in Fig. 7. The features identified for the
mean wind speed indicated in Fig. 6 are similarly seen
for the maximum wind speed. The maximum winds as
well as the terrain slope angles are widely spread in all
the areas. The increasing tendency of the maximum
wind with the increase in the slope angle is also seen,
but the difference in the regression line’s slope between
the 200 m grid and the 1 km grid case appears to be
smaller for the maximum wind speed than for the mean
wind speed.
Table 1 summarizes spatially evaluated statistics computed
for the pointwise mean and maximum wind speeds within
each analysis area. The area-mean values for both the tem-
poral mean and maximum winds in all the analysis areas are
not so different between the 1 km grid and 200 m grid cases.
In contrast, the area-maximum values are 1.6 to 2.1 times
larger in the 200 m grid case than in the 1 km grid case. The
spatial variances are also larger in the 200 m grid than in the
1 km grid case; for the temporal maximum wind speed, the
variances are 2.6 to 5.7 times larger in the 200 m grid than in
the 1 km grid case. These statistics are the reflection of the
scatter characteristics indicated in Fig. 6.
From the analysis shown in Figs. 5, 6, and 7, the character-
istics of the temporal and spatial variability of winds appear
Fig. 5 The frequency distribution of the maximum surface wind speeds in the analysis areas. The relative frequency distribution (in %) of the
maximum wind speeds during the simulated time period at the grid points in the area (a) A, (b) B, and (c) C for (left) the 1 km grid case and
(right) the 200 m grid case
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differently in the 1 km and 200 m grid cases. In the next sub-
section, we will further show how the representation of ter-
rain features in the higher and lower-resolution cases affect
the variability of surface winds.
Relationship with the variability of terrain height
The representation of the model terrain at a higher reso-
lution compared with a lower resolution is investigated in
terms of the subgrid-scale orography used in Jimenez and
Dudhia (2012). Subgrid-scale orography can be represented
as how terrain heights vary spatially within a certain area and
is here defined as the standard deviation of terrain heights
(σSSO) at the 200 m grid spacing within a 1 km by 1 km area.
In this study, we evaluate the subgrid-scale orography as the
area-mean standard deviation of terrain heights over each
D04 area as follows:
Fig. 6 Relationships between terrain slope and mean wind speed in the analysis areas. Relationships of the temporal mean wind speeds against
the terrain slope angle for the 1 km grid case (black dots) and the 200 m grid case (gray dots) in the area (a) A, (b) B, and (c) C. Red solid and
dotted lines indicate the linear regression line for the 200 m grid and the 1 km grid case, respectively





















where hj and h are, respectively, the terrain height at
the 200 m grid and its mean at a grid point j within a 1
km by 1 km area, n200 m is the number of 200 m reso-
lution grid points within a 1 km by 1 km area (i.e., 25),
N1 km is the number of 1 km resolution grid points
within a D04 area, and i is a certain grid point within
the D04 area.
As an example, Fig. 8 indicates the spatial distribution
of the standard deviation of the 200 m grid terrain
within the area B (see Fig. 4f). The area-mean standard
deviation for this area becomes 60.7. In this way, the
area-mean standard deviation of terrain heights is com-
puted for the 8 D04 areas. In the followings, the rela-
tionships between the subgrid-scale orography and the
wind representations are indicated.
Figure 9 demonstrates how the area-means, area-
maxima, and spatial variances of the temporal mean
wind speeds within the D04 areas vary against the
Fig. 7 Relationships between terrain slope and maximum wind speed in the analysis areas. The same as Fig. 6, except for the maximum wind
speed during the simulated time period
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subgrid-scale orography that is defined as the area-mean
standard deviation of the terrain heights at the 200 m
grid spacing. In Fig. 9a, the area-mean value of the tem-
poral mean wind speeds at the grid points in each D04
area is shown. It is seen that the area-mean values from
the 200 m grid and the 1 km grid case are very similar
with each other but slightly higher in the 1 km grid case
than in the 200 m grid case. The reason why the mean
wind speeds are stronger in the 1 km grid case than in
the 200 m grid case is due to the difference in rough-
ness. That is, the more complex feature of the terrain
represented in the 200 m grid case results in larger
roughness on average in a certain area, compared to the
terrain represented in the 1 km grid case. It is also found
that the mean winds gradually increase with the increase
in the subgrid-scale orography.
Figure 9b examines the relationship of the area-maxima
among the time-mean wind speeds in each D04 area against
the subgrid-scale orography. Overall, the area-maxima are
stronger in the 200 m grid case than in the 1 km grid case.
Furthermore, in the 200 m grid case, the area-maximum
wind becomes stronger with a larger subgrid-scale orog-
raphy, while in the 1 km grid case, the area-maximum does
not change much with the change in the subgrid-scale
Table 1 Statistics of the mean and maximum wind speeds in the analysis areas. The results of mean and maximum wind speeds
during the simulated time period obtained in the 1 km grid and 200 m grid cases for the areas A, B, and C are summarized. The
statistics are the area-mean, area-maximum, and spatial variance values computed from the temporal mean and maximum winds in
each analysis area
Area-mean (m s−1) Area-maximum (m s−1) Area-variance (m2 s−2)
Mean wind speed
Grid spacing 1 km 200 m 1 km 200 m 1 km 200 m
Area A 9.8 9.7 14.3 26.0 2.2 6.4
Area B 12.0 11.5 20.3 33.8 6.7 17.2
Area C 10.4 10.4 18.6 31.1 3.3 7.1
Maximum wind speed
Grid spacing 1 km 200 m 1 km 200 m 1 km 200 m
Area A 27.3 29.0 37.9 65.7 10.9 44.2
Area B 27.2 32.3 40.2 83.7 19.0 108.4
Area C 27.2 28.3 50.1 80.8 15.2 39.9
Fig. 8. The standard deviation of subgrid-scale orography. The spatial distribution of the standard deviation of the subgrid-scale orography
computed in a 1 km by 1 km area from the model terrain at the 200 m grid spacing, for the area B (see Fig. 4f) as an example
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orography. These features can also be found for the spatial
variances of the time-mean wind speeds in the D04 areas, as
indicated in Fig. 9c.
In this way, it was found that the area-maxima and spatial
variances of the time-mean surface winds appear more pro-
nouncedly in the higher-resolution case than in the lower-
resolution case. We have also examined the features of the
area-means, area-maxima, and spatial variances for the tem-
poral maximum wind speeds in the D04 area and found that
the area-mean, area-maxima, and variances all increase with
the increase in the subgrid-scale orography (not shown). In
other words, the complexity of the terrain features enhances
the mean and maximum wind speeds over the simulated
time period as the forms of the statistics examined above.
Discussion
We have investigated the representations of typhoon-
induced surface winds in complex terrain in high-
Fig. 9 The relationships between the subgrid-scale orography and the wind representations. The relationships of the area-mean standard deviation of
terrain heights within each D04 area with a the area-mean wind speed, b the area-maximum wind speed, and c the spatial variance of wind speed in
the same D04 area. Black and gray points indicate the results of the 200 m grid case and the 1 km grid case, respectively
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resolution simulations of a specific event in Hokkaido,
the northern part of Japan, as a case study for Typhoon
Songda (2004). The comparison of the simulated winds
at the 1 km grid and the 200 m grid indicates that the
range of the simulated wind speeds becomes wider and
that the higher and lower extrema become more ex-
treme in the higher-resolution case. We have also identi-
fied that the mean and maximum wind speeds during
the simulated time period increase with the increase in
the terrain slope angle and that the scatter becomes
wider with a higher slope angle in the higher-resolution
case. In other words, the response of the simulated
winds to the slope angle appears differently between the
1 km grid and 200 m grid cases. By using a quantity
representing the subgrid-scale orography, we have
shown that the area-maxima and spatial variances over
the D04 areas become more enhanced with the increase
in the subgrid-scale orography in the 200 m grid case
than in the 1 km grid case.
From these analyses, it is suggest that the temporal
and spatial variability of surface winds becomes larger in
the higher-resolution case, which is closely related to the
more complex features of the terrain reproduced in the
model. An implication of this result is that high-
resolution simulations at the grid spacing of the order of
100 m are able to highlight fluctuating natures of surface
winds and can be regarded as one of the benefits or
added values of the high-resolution simulations of air-
flows in complex terrain. Highly fluctuating winds lead
to enhanced extremes both in the higher and lower
ranges, and hence more hazardous winds will be repre-
sented in the higher-resolution case. Therefore, this
point is critically important in assessing the strong wind
hazards in complex terrain.
Because the current modeling framework does not
take into account explicitly the effects of turbulence
through an LES approach, the simulations are not ex-
pected to reproduce turbulent flows. In spite of this defi-
ciency, it is emphasized that the present meteorological
modeling with the use of high-resolution DEM data can
reproduce enhanced fluctuating natures of surface winds
in time and space, which are generated by fine-scale fea-
tures of terrains. Namely, high-resolution simulations of
airflows in complex terrain can benefit from detailed
representations of topographic features of terrain in
representing extreme winds.
Note here that the present simulations employ the
MYJ boundary-layer scheme, i.e., a type of Reynolds
averaging Navier-Stokes model, and hence the simulated
winds by the WRF model should be regarded as means
averaged for a certain period of time. Nakayama et al.
(2012) compared the surface winds among the observa-
tions, the WRF simulations at the 60 m grid spacing,
and the LES results and found that the WRF winds
correspond closely to the 10 min means. Although the
temporal averaging scale of the WRF winds may depend
on the surface roughness features and the meteoro-
logical conditions, the WRF winds are regarded as the
temporal means for around 10 min. Even if we make
WRF outputs at a higher frequency (e.g., 1 min), the
WRF winds does not fluctuate in time. Therefore, we do
not evaluate turbulent fluctuations in this study. What
we are evaluating here is regarded as the temporal vari-
ation of winds induced by undulations of topography,
corresponding to the time-scale of 10 min or longer.
Previous studies on airflows in complex terrain (Jimenez
et al. 2010; Jimenez and Dudhia 2012; El-Samra et al.
2018) conducted numerical simulations with the horizon-
tal grid spacings of 1 km or 2 km. Although such grid
spacings appear to be insufficient to resolve actual ter-
rains, the geometrical features of the terrains in their stud-
ies may be characterized with larger-scale undulations, as
compared with the terrain features of the present analysis
areas in Hokkaido, Japan. Bonnardot and Cautenet (2009)
demonstrated that the simulations at 1 km and 200 m res-
olutions better reproduced local circulations than those at
5 km resolution because of a better representation of the
local terrain. By distinguishing meteorological situations,
they further showed that under a weak synoptic flow con-
dition, local circulations prevailed and the high-resolution
simulation at the 200 m grid better reproduced meteoro-
logical characteristics. Thus, it is considered that depend-
ing on the background meteorological conditions, the
response of the meteorological changes to terrain features
appears differently.
In this study, we examined a strong wind case induced
by a severe typhoon. It was found that gust factors are
higher in tropical cyclone cases than in extratropical cyc-
lone cases (Paulsen and Schroeder 2005). Therefore,
wind fluctuations including gust factors occur more
clearly in typhoon cases, and hence reproducing highly
fluctuating natures of typhoon winds in high-resolution
simulations is an advantage in investigating the physical
processes of strong winds in complex terrain and more-
over assessing the impact and hazard of strong winds at
local scales.
Conclusions
This study investigated the representation of surface
winds in complex terrain in numerical simulations with
the horizontal grid spacing of 200 m. The strong wind
event in Hokkaido during the passage of Typhoon
Songda (2004) was chosen as a case study, because the
strong winds by this typhoon caused widespread dam-
ages to forests in Hokkaido. We used the WRF model to
conduct regional-scale simulations at the 200 m grid by
employing the same computational settings with those
in Ito et al. (2016) except setting the 200 m domains.
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The results of the 200 m grid simulations were exam-
ined and evaluated in comparison to those of the 1 km
grid case. After validating the simulated results with the
surface observations, we explored the benefits of the
high-resolution simulations of surface winds in complex
terrain.
The 200 m grid simulations were able to clearly repre-
sent more enhanced and more frequent extremes both
in the stronger and weaker ranges of surface winds than
the 1 km grid simulations. This result corresponded to
the difference in the terrain representations at these two
grid spacings. It was also shown that the mean and max-
imum winds during the simulated time period increase
with the increase in the slope angle of the terrain both
in the 200 m grid and 1 km grid cases. Because the scat-
ter of the mean and maximum winds is much wider in
the 200 m grid case than in the 1 km case, the slopes of
the linear regression lines are smaller in the 200 m case.
The characteristics of the temporal and spatial variability
of surface winds appeared differently in the 200 m and 1
km grid cases.
To assess the influences of the terrain complexity on
wind variabilities, we introduced subgrid-scale orography
which was defined as the area-mean value of the stand-
ard deviations of the terrain heights at 200 m grid within
a 1 km by 1 km area. With this quantity, it was demon-
strated that the area-maxima and spatial variance of sur-
face winds over the 200 m grid computational domains
are more enhanced with the increase in the subgrid-
scale orography in the higher-resolution case than in the
lower-resolution case.
Based on the present results, it is suggested that the
high-resolution simulations at the 200 m grid are able to
highlight and enhance the fluctuations of surface winds
in complex terrain, because the complex topographic
features of the terrain is better represented in the 200 m
grid than the 1 km grid case. This is considered to be
the benefits or added values of the high-resolution simu-
lations of airflows in complex terrain. It is also consid-
ered that the topographic features of Hokkaido
examined in this study are highly complex and thus the
grid spacing on the order of 100 m is desirable.
Because the mountainous regions, characterized by
abundant forest resources as well as complex topo-
graphic features, prevail over the Japanese islands, the
temporal and spatial variability of surface winds largely
affect the forest ecosystem. A strong wind event can be
a great threat to the regions. Especially in the northern
part of Japan, the landfall or approach of typhoons is
rare, and hence the impacts of typhoons once occurred
are huge. We have investigated the case of Typhoon
Songda (2004), but there were a number of typhoons
that affected northern Japan. For example, Typhoon
Mireille (1991) landed on Hokkaido and caused severe
damages on agriculture and forestry. Actually, this spe-
cific typhoon spawned the most costly insurance loss
among the tropical cyclones in the Pacific region during
the period from 1970 to 2017 (Takemi et al. 2016a).
From viewpoints of disaster prevention and mitigation, it
is critically important to quantify the impacts of ty-
phoons in complex terrain where trees and forest are
vulnerable to strong winds and also assess the impacts
of climate change on such typhoon hazards. Climate
change impacts on strong winds and heavy rainfalls in
Hokkaido during typhoon passages were investigated by
Ito et al. (2016), Takemi et al. (2016a), Kanada et al.
(2017), and Nayak and Takemi (2019a, 2019b). Such ty-
phoon hazard information, once obtained with the reso-
lution on the order of 100 m, needs to be fully used to
impact assessment studies on forest ecosystems.
Abbreviations
AMeDAS: Automated Meteorological Data Acquisition System; DEM: Digital
elevation model; JMA: Japan Meteorological Agency; LES: Large-Eddy
simulation; RSMC: Regional Specialized Meteorological Center; WRF: Weather
Research and Forecasting
Acknowledgments
We thank the support from the TOUGOU program funded by MEXT, Japan.
Authors’ contributions
TT proposed the topic, designed the study, summarized the result, and
wrote the original manuscript. RI carried out the numerical simulations,
analyzed the simulated data, and interpreted the analysis results. Both
authors read and approved the final manuscript.
Authors’ information
TT have been studying the impacts of climate change on extreme weather
(tropical cyclones, heavy rainfalls, etc.) by using dynamical downscaling since
2007 under the MEXT programs: KAKUSHIN Program (Innovative Program of
Climate Change Projection for the 21st Century), SOUSEI Program (Program
for Risk Information on Climate Change), and TOUGOU Program (Integrated
Research Program for Advancing Climate Models). RI is a program researcher,
who studied the impacts of typhoons in future climate under SOUSEI
program and, at the present, have been studying the uncertainty in regional
climate change obtained from various climate dataset under TOUGOU
program.
Funding
This study was supported by the “Integrated Research Program for
Advancing Climate Models (TOUGOU program)” from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT), Japan. This work
was also supported by JSPS KAKENHI Grant Number 16H01846 and
18H01680.
Availability of data and materials
The data supporting the conclusions of this article are available upon
request. Please contact the authors for data requests.
Competing interests
The authors declare that they have no competing interest.
Author details
1Disaster Prevention Research Institute, Kyoto University, Gokasho, Uji, Kyoto
611-0011, Japan. 2Japan Meteorological Business Support Center, 1-1
Nagamine, Tsukuba, Ibaraki 305-0052, Japan.
Takemi and Ito Progress in Earth and Planetary Science             (2020) 7:4 Page 14 of 16
Received: 15 July 2019 Accepted: 24 December 2019
References
Bonnardot V, Cautenet S (2009) Mesoscale atmospheric modeling using a high
horizontal grid resolution over a complex coastal terrain and a wine region
of South Africa. J Appl Meteor Climatol 48:330–348. https://doi.org/10.1175/
2008JAMC1710.1
Bryan GH, Wyngaard JC, Fritsch JM (2003) Resolution requirements for the
simulation of deep moist convection. Mon Wea Rev 131:2394–2416
Cabinet Office (2018) A report on damages by Typhoon Jebi (2018). The version
of 2 October 2018. http://www.bousai.go.jp/updates/h30typhoon21/pdf/301
003_typhoon21_01.pdf.
Denis B, Laprise R, Caya D (2003) Sensitivity of a regional climate model to the
resolution of the lateral boundary conditions. Climate Dyn 20:107–126
El-Samra R, Bou-Zeid E, El-Fadel M (2018) What model resolution is required in
climatological downscaling over complex terrain? Atmos Res 203:68–82.
https://doi.org/10.1016/j.atmosres.2017.11.030
Grabowski WW, Wu X, Moncrieff MW (1996) Cloud-resolving modeling of tropical
cloud systems during Phase III of GATE. Part I: Two-dimensional experiments.
J Atmos Sci 53:3684–3709
Hayashi M, Saigusa N, Oguma H, Yamagata Y, Takao G (2015) Quantitative
assessment of the impact of typhoon disturbance on a Japanese forest using
satellite laser altimetry. Remote Sensing of Environment 156:216–225. https://
doi.org/10.1016/j.rse.2014.09.028
Hong SY, Lim JOJ (2006) The WRF single-moment 6-class microphysics scheme
(WSM6). J Korean Meteor Soc 42:129–151
Ito R, Takemi T, Arakawa O (2016) A possible reduction in the severity of typhoon
wind in the northern part of Japan under global warming: A case study.
SOLA 12:100–105. https://doi.org/10.2151/sola.2016-023
Janjic ZI (2002) Nonsingular implementation of the Mellor-Yamada Level 2.5
scheme in the NCEP Meso model. NCEP Office Note 437: 61 pp.
Jimenez PA, Dudhia J (2012) Improving the representation of resolved and
unresolved topographic effects on surface wind in the WRF Model. J Appl
Meteor Climatol 51:300–316. https://doi.org/10.1175/JAMC-D-11-084.1
Jimenez PA, Dudhia J, Gonzalez-Rouco JF, Navarro J, Montavez JP, Garcia-
Bustamante E (2012) A revised scheme for the WRF surface layer formulation.
Mon Wea Rev 140:898–918. https://doi.org/10.1175/MWR-D-11-00056.1
Jimenez PA, Gonzalez-Rouco JF, Garcia-Bustamante E, Navarro J, Montavez JP, de
Arellano JVG, Dudhia J, Munoz-Roldan A (2010) Surface wind regionalization
over complex terrain: evaluation and analysis of a high-resolution WRF
simulation. J Appl Meteor Climatol 49:268–287. https://doi.org/10.1175/
2009JAMC2175.1
Jimenez PA, Gonzalez-Rouco JF, Montavez JP, Navarro J, Garcia-Bustamante E,
Valero F (2008) Surface wind regionalization in complex terrain. J Appl
Meteor Climatol 47:308–325. https://doi.org/10.1175/2007JAMC1483.1
Kanada S, Tsuboki K, Aiki H, Tsujino S, Takayabu I (2017) Future enhancement of
heavy rainfall events associated with a typhoon in the midlatitude regions.
SOLA 13:246–251. https://doi.org/10.2151/sola.2017-045
Kitabatake N, Hoshino S, Bessho K, Fujibe F (2007) Structure and intensity change
of Typhoon Songda (0418) undergoing extratropical transition. Papers
Meteor. Geophys 58:135–153. https://doi.org/10.2467/mripapers.58.135
Kitoh A, Ose T, Takayabu I (2016) Dynamical downscaling for climate projection
with high-resolution MRI AGCM-RCM. J Meteor Soc Japan 94A:1–16. https://
doi.org/10.2151/jmsj.2015-0022
Kobayashi S, Ota Y, Harada Y, Ebita A, Moriya M, Onoda H, Onogi K, Kamahori H,
Kobayashi C, Endo H, Miyaoka K, Takahashi K (2015) The JRA-55 reanalysis:
general specifications and basic characteristics. J Meteor Soc Japan 93:5–48.
https://doi.org/10.2151/jmsj.2015-001
Mlawer EJ, Taubman SJ, Brown PD, Iacono MJ, Clough SA (1997) Radiative
transfer for inhomogeneous atmosphere: RRTM, a validated correlated-k
model for the longwave. J Geophys Res 102(D14):16663–16682
Morimoto J, Nakagawa K, Takano KT, Aiba M, Oguro M, Furukawa Y, Mishima Y,
Ogawa K, Ito R, Takemi T, Nakamura F, Peterson CJ (2019) Comparison of
vulnerability to catastrophic wind of Abies plantation forests and natural
mixed forests in northern Japan. Forestry: an International J Forest Res.
cpy045. doi:https://doi.org/10.1093/forestry/cpy045.
Nakayama H, Takemi T, Nagai H (2012) Large-eddy simulation of urban
boundary-layer flows by generating turbulent inflows from mesoscale
meteorological simulations. Atmos Sci Lett 13:180–186. https://doi.org/10.
1002/asl.377
Nayak S, Takemi T (2019a) Dynamical downscaling of Typhoon Lionrock (2016)
for assessing the resulting hazards under global warming. J Meteor Soc
Japan 97:69–88. https://doi.org/10.2151/jmsj.2019-003
Nayak S, Takemi T (2019b) Quantitative estimations of hazards resulting from
Typhoon Chanthu (2016) for assessing the impact in current and future
climate. Hydrol Res Lett 13. https://doi.org/10.3178/hrl.13.20
Oku Y, Takemi T, Ishikawa H, Kanada S, Nakano M (2010) Representation of
extreme weather during a typhoon landfall in regional meteorological
simulations: a model intercomparison study for Typhoon Songda (2004).
Hydrol Res Lett 4:1–5. https://doi.org/10.3178/hrl.4.1
Paulsen BM, Schroeder JL (2005) An examination of tropical and extratropical
gust factors and the associated wind speed histograms. J Appl Meteor 44:
270–270
Sano T, Hirano T, Liang N, Hirata R, Fujinuma Y (2010) Carbon dioxide exchange
of a larch forest after a typhoon disturbance. Forest Ecology and
Management 260:2214–2223. https://doi.org/10.1016/j.foreco.2010.09.026
Skamarock WC, Klemp JB, Dudhia J, Gill DO, Barker DM, Duda MG, Huang XY,
Wang W, Powers JG (2008) A description of the advanced research WRF
version 3. NCAR Tech. Note, NCAR/TN-47 + STR, 113 pp.
Takano KT, Nakagawa K, Aiba M, Oguro M, Morimoto J, Furukawa Y, Mishima Y,
Ogawa K, Ito R, Takemi T (2016) Projection of impacts of climate change on
windthrows and evaluation of potential silvicultural adaptation measures: a
case study from empirical modelling of windthrows in Hokkaido, Japan, by
Typhoon Songda (2004). Hydrol Res Lett 10:138–144. https://doi.org/10.3178/
hrl.10.138
Takayabu I, Kanamaru H, Dairaku K, Benestad R, von Storch H, Christensen JH
(2016) Reconsidering the quality and utility of downscaling. J Meteor Soc
Japan 94A:31–45. https://doi.org/10.2151/jmsj.2015-042
Takemi T (2009) High-resolution numerical simulations of surface wind variability
by resolving small-scale terrain features. Theor Appl Mech Japan 57:421–428.
https://doi.org/10.11345/nctam.57.421
Takemi T (2013) High-resolution meteorological simulations of local-scale wind
fields over complex terrain: a case study for the eastern area of Fukushima in
March 2011. Theor Appl Mech Japan 61, 3:–10. https://doi.org/10.11345/
nctam.61.3
Takemi T (2018a) The evolution and intensification of Cyclone Pam (2015) and
resulting strong winds over the southern Pacific islands. J Wind Eng Ind
Aerodyn 182:27–36. https://doi.org/10.1016/j.jweia.2018.09.007
Takemi T (2018b) Importance of terrain representation in simulating a stationary
convective system for the July 2017 Northern Kyushu Heavy Rainfall case.
SOLA 14:153–158. https://doi.org/10.2151/sola.2018-027
Takemi T (2019) Impacts of global warming on extreme rainfall of a slow-moving
typhoon: a case study for Typhoon Talas (2011). SOLA 15:125–131. https://
doi.org/10.2151/sola.2019-023
Takemi T, Ito R, Arakawa O (2016a) Effects of global warming on the impacts of
Typhoon Mireille (1991) in the Kyushu and Tohoku regions. Hydrol Res Lett
10:81–87. https://doi.org/10.3178/hrl.10.81
Takemi T, Kusunoki K, Araki K, Imai T, Bessho K, Hoshino S, Hayashi S (2010)
Representation and localization of gusty winds induced by misocyclones
with a high-resolution meteorological modeling. Theor Appl Mech Japan 58:
121–130. https://doi.org/10.11345/nctam.58.121
Takemi T, Okada Y, Ito R, Ishikawa H, Nakakita E (2016b) Assessing the impacts of
global warming on meteorological hazards and risks in Japan: philosophy
and achievements of the SOUSEI program. Hydrol Res Lett 10:119–125.
https://doi.org/10.3178/hrl.10.119
Takemi T, Rotunno R (2003) The effects of subgrid model mixing and numerical
filtering in simulations of mesoscale cloud systems. Mon Wea Rev 131:2085–
2101. https://doi.org/10.1175/1520-0493(2003)131<2085:TEOSMM>2.0.CO;2
Takemi T, Yoshida T, Yamasaki S, Hase K (2019) Quantitative estimation of strong
winds in an urban district during Typhoon Jebi (2018) by merging mesoscale
meteorological and large-eddy simulations. SOLA 15:22–27. https://doi.org/
10.2151/sola.2019-005
Toda M, Fukuzawa K, Nakamura M, Miyata R, Wang X, Doi K, Tabata A, Shibata H,
Yoshida T, Hara T (2018) Photosynthetically distinct responses of an early-
successional tree, Betula ermanii, following a defoliating disturbance:
observational results of a manipulated typhoon-mimic experiment. Trees 32:
1789–1799. https://doi.org/10.1007/s00468-018-1770-4
Weisman ML, Skamarock WC, Klemp JB (1997) The resolution dependence of
explicitly modeled convective systems. Mon Wea Rev 125:527–548
Takemi and Ito Progress in Earth and Planetary Science             (2020) 7:4 Page 15 of 16
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Takemi and Ito Progress in Earth and Planetary Science             (2020) 7:4 Page 16 of 16
